The carbohydrate-binding activity of lectins was examined using polyamidoamine dendrimer conjugated with carbohydrates (sugar-PD). When a C-type lectin, CEL-IV, was mixed with melibiose-PD, large complexes with a diameter of about 1 m were formed. Changes in the amount of CEL-IV/melibiose-PD complex as an indication of lectin activity were measured sensitively by Rayleigh scattering. The carbohydrate specificity of the lectin was determined on the basis of inhibition of complex-formation by individual carbohydrates. It is suggested that various lectins can also be measured using sugar-PDs to which different carbohydrates are attached.
Various carbohydrate chains are known to play important roles in interactions between cells and other biological molecules. In such interactions, lectins play crucial roles in that they specifically recognize complex oligosaccharide chains. Lectin activity, or carbohydratebinding activity, has conventionally been evaluated by hemagglutination assays as a simple semi-quantitative method. To develop more sensitive and convenient methods of evaluating lectin activity, we have attempted to utilize water-soluble polymers, such as dextran and polyvinylalcohol, containing various carbohydrates. These polymers form complexes when bound to lectins, which can be detected by light scattering based on the increases in size. However, such linear polymers are commonly composed of heterogeneous mixtures of somewhat different sizes, which can cause ambiguous results. Recently, dendrimers, highly branched spherical molecules of uniform size, have attracted increasing attention as tools in various fields, including the biological sciences. [1] [2] [3] For example, Aoi et al. 4) found that a polyamidoamine dendrimer (PD)-based star polymer containing N-acetylglucosamine showed inhibition of the hemagglutination activity of WGA by binding competitively to the lectin. Luczkowiak et al. 5) confirmed effective inhibition of viral infection through competitive binding of a mannose-bearing dendrimer to a dendritic cell receptor, DC-SIGN. These studies suggest that dendrimers are suitable macromolecules for the presentation of multiple carbohydrate molecules on their surfaces. In the present study, we prepared polyamidoamine dendrimer conjugated with carbohydrates (sugar-PD), and examined its reactivity with lectins to utilize it in the development of a sensitive and convenient method of evaluating lectin activity.
Sugar-PDs were prepared by a reductive amination reaction between the aldehyde group of the reducing sugars and the primary amino groups (64) of PD containing an ethylenediamine core (generation 4.0; MW 14,214; Sigma-Aldrich, St. Louis, MO) (Fig. 1) . Each reducing sugar (40 mg/mL, 0.11 M) was incubated with PD (2.0 mg/mL, 0.14 mM) in 1 mL of 0.2 M sodium phosphate buffer (pH 8.0) in the presence of 7.0 mg/mL (0.11 mM) NaBH 3 CN for 24 h at 45 C. The solution was then dialyzed against water to remove residual reagents, and the resulting sugar-PD was collected after freezedrying. The degrees of carbohydrates introduced into melibiose-PD and lactose-PD were estimated to be 100.6% and 89.6% respectively, based on their nitrogen/carbon (N/C) ratios as analyzed by a Model 2400 II Elemental Analyzer (PerkinElmer, Waltham, MA). These estimates suggest that most of the surface amino groups of PD can be linked with small reducing sugars under these conditions. Figure 2 shows the sizes of the CEL-IV/melibiose-PD complex particles, as measured by dynamic light scattering (DLS). CEL-IV is a homotetrameric C-type lectin purified from a sea cucumber, C. echinata.
6-8) It shows binding specificity for galactose and related carbohydrates, especially those containing -galactoside structures, such as melibiose [Gal(1-6)Glc] and raffinose [Gal(1-6)Glc(1-2)Fru]. 7) When CEL-IV was mixed with increasing concentrations of melibiose-PD, the particle size (diameter) of CEL-IV, about 8 nm, increased remarkably, to about 1 mm, indicating that CEL-IV formed large complexes with melibiose-PD through binding to its carbohydrate moieties. Since CEL-IV has four carbohydrate-binding sites per molecule, its binding to the carbohydrate moieties of melibiose-PD leads to the formation of large complexes with many cross-links between the lectin and melibiose-PD.
y To whom correspondence should be addressed. Tel/Fax: +81-95-819-2686; E-mail: thata@nagasaki-u.ac.jp Abbreviations: DLS, dynamic light scattering; PD, polyamidoamine dendrimer; TBS, Tris-buffered saline; WGA, wheat germ agglutinin Changes in the amount of lectin/sugar-PD complex as an indication of the carbohydrate binding activity of the lectins were evaluated by changes in light scattering (Rayleigh scattering) intensity. Figure 3 shows the changes in the light scattering intensity of the CEL-IV/melibiose-PD solutions, as measured with a fluorescence spectrophotometer. When CEL-IV was added serially to the melibiose-PD solutions, the light scattering intensity increased with increasing concentrations of CEL-IV. In the presence of 4.9 mg/mL (140 nM) of melibiose-PD, formation of the complex was clearly detected with as little as 1.3 mg/mL (19 nM) of CEL-IV in 1 mL of solution, indicating that the binding of a very small amount of the lectin can be detected by this method. In the presence of 0.49 mg/mL (14 nM) melibiose-PD, the light scattering intensities appeared to reach a plateau at higher CEL-IV concentrations, suggesting that the carbohydrate moieties on melibiose-PD were saturated with bound CEL-IV molecules. Figure 4 shows inhibition experiments to determine the carbohydrate-binding specificity of CEL-IV. When glucose, mannose, lactose, melibiose, galactose, or GalNAc was added serially to a pre-formed CEL-IV/ melibiose-PD complex solution, competitive inhibition was observed for lactose, melibiose, galactose, and GalNAc, but not for glucose or mannose. Highest inhibition was observed for GalNAc, followed by galactose and melibiose, which agreed well with the known specificity of CEL-IV as determined by hemagglutination inhibition assays (Table 1) . 6, 9) These results indicate that while hemagglutination inhibition assays provide only semi-quantitative results, determined by visual inspection, light scattering measurements of lectin/sugar-PD complex formation can discriminate subtle differences in carbohydrate-binding specificities. Figure 5 shows complex formation among various sugar-PDs, melibiose-PD, lactose-PD, chitotriose (tri-Nacetyl-chitotriose)-PD, and laminaritriose-PD, and two A, A PD of generation 2 containing 16 primary amino groups. In the present study, a PD of generation 4 containing 64 primary amino groups was used in the preparation of sugar-PDs. B, Conjugation of the PD with melibiose by a reductive amination reaction using NaBH 3 CN.
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Melibiose-PD conc. After recording the initial molecular size of CEL-IV (5 mg/mL, 74 nM) in TBS containing 10 mM CaCl 2 , small volumes (0.5-3 mL) of melibiose-PD solution (1 mg/mL, 29 mM) in the same buffer were added serially, and changes in the particle sizes of the lectin/sugar-PD complexes were recorded. DLS was measured using a Zetasizer Nano ZS Particle Analyzer (Malvern Instruments, Malvern, UK) at 25 C. lectins (CEL-IV and WGA). Among these sugar-PDs, CEL-IV exhibited highest reactivity with melibiose-PD, and moderate reactivity with lactose-PD, confirming its specificity for galactosides, especially -galactosides. On the other hand, WGA showed highest reactivity with chitotriose-PD, followed by laminaritriose-PD. WGA shows specificity for GlcNAc, especially its oligomers with -1,4-glycosidic linkages, 10) which explains its high reactivity with chitotriose-PD. Although the weak binding with laminaritriose-PD cannot be fully explained by the known specificity of WGA, it is possible that its -glucoside structure is recognized in a manner similar to chitooligosaccharides. These findings suggest that the binding assay using sugar-PDs might be widely applicable to various lectins if sugar-PDs are used with different carbohydrates.
CEL-IV concentration (µg/mL) Light scattering at 420 nm
In this study, sugar-PDs were prepared by conjugating carbohydrates to PD using a reductive amination reaction, which limits the method's application to oligosaccharides with reducing ends and those without free amino groups. Hence, the development of other methods that can be applied to monosaccharides or nonreducing sugars is desirable. To prepare sugar-PDs using monosaccharides, we are attempting to link glycosylamines, derived from monosaccharides by the Kochetkov reaction, 11) with carboxy group-containing PD through amide linkages. It has been confirmed that this method is applicable to the preparation of GalNAc-PD to assess the binding ability of CEL-I, another C. echinata C-type lectin with high GalNAc specificity. On the other hand, since many lectins function by recognizing particular oligosaccharide structures, we are also attempting to prepare sugar-PDs containing oligosaccharides derived from natural products to assess the applicability of this method to lectins that show specificities for more complex carbohydrate structures. The CEL-IV/melibiose-PD complex was pre-formed by mixing CEL-IV and melibiose-PD at final concentrations of 10 mg/mL (0.147 mM) and 5 mg/mL (0.142 mM) respectively in TBS containing 10 mM CaCl 2 (1 mL), and the indicated carbohydrate solutions in the same buffer (100 mM) were added serially up to 127 mL (final lectin concentration: 8.87 mg/mL or 0.130 mM). Dissociation of CEL-IV/ melibiose-PD was evaluated by changes in the light scattering intensity at 420 nm, measured using a fluorescence spectrophotometer. Values were corrected for dilution by addition of the melibiose-PD solution. The initial light scattering intensity of the pre-formed CEL-IV/melibiose-PD solution was taken to be 100%. The complex-formation of the lectins with the sugar-PDs was monitored by light scattering at 420 nm using a fluorescence spectrophotometer after incubation of the lectins (5 mg/mL) and the sugar-PDs (5 mg/mL) in TBS containing 10 mM CaCl 2 . Chitotriose-PD and laminaritriose-PD were prepared in the same manner as melibiose-PD and lactose-PD. Chitotriose and laminaritriose were purchased from Seikagaku Biobusiness (Tokyo).
